cosity, imposed shear conditions, interfacial tensions etc [5 -8] .
LCP has been blended with Polyethylene terephthalate (PET) in different proportions to investigate morphological, mechanical and thermal properties. Small amount of LCP in PET brings down the viscosity of blend. The reduction in viscosity of blends having LCP as one of the components has been reported in most of the studies related to LCP/PET blend however the increase in viscosity of LCP/PET blends at 250, 260, 270°C at shear rates less than 100 s -1 has rarely been discussed [4] . In another investigation the blends of LCP/PET with more than 50 wt% of LCP displayed high shear viscosity than that of either LCP or PET at low shear rates. LCP was also found more shear sensitive as compared to PET at 285°C. The first normal stress difference, N 1 , which shows the amount of energy stored in viscoelastic liquid, increased with the shear rate and was attributed to the tendency of asymmetric particles to rotate under velocity gradient of suspending medium [9] . The LCP concentrations of blend and temperature sensitive viscosity are the other factors influencing the formation of fibrils, etc. The viscoelastic properties of such blends are very complicated because both polymers display temperature as well as shear sensitive viscosities. In present study the effects of state change of LCP on rheology of its blends with PET is investigated under dynamic conditions. The morphology of different blends, shear rate dependence of dynamic viscosity, storage modulus, loss modulus etc. of LCP/PET blends at two different temperatures each one at below and above the melting temperature of LCP are reported and discussed.
MATERIALS AND METHODS
The polyethylene terephthalate (PET) was a commercial product SA1206 of Unitika Co., Japan. The liquid crystalline polymer Vectra A 950 of Polyplastics Co., Japan was commercial co-polyester having 73 mol% of p-hydroxybenzoic acid (HBA) and 27 mol% of 2-6-hydroxynaphtoic acid (HNA). Both polymers were dried in an oven at 90°C for 14 hours and then at 150°C for 4 hours before processing. The composition was varied as 10, 20, 30, 40,50, 60, 70, 80, 90 and 100 wt% of LCP in LCP/PET blend. Blending was carried out in an elastic melt extruder at 285°C. The elastic melt extruder works on the Weissenberg principle [10] . The effective rotor diameter is 14 cm. The extruded material was cooled by water at 12°C and was cut to 5 mm length. The pellets were dried in an air-circulating oven at 75°C for 12 hours. The above process was repeated once to achieve better mixing. A weighed amount of material was compressed between the hot plates for 3 minutes under 5 MPa pressure at 265°C. The mould was then cooled under the same pressure by circulating water at 12°C and sheets were prepared. These sheets were cut to disc shape for tests by using a sawing machine. These discs were tested on a rotational rheometer (radius, R = 1.25 cm), from Nihon Rheology Ki-Ki Co. Ltd. The rheological parameters were determined at different angular frequencies, w, using oscillatory angle 1° and at 25 percent strain amplitude at two different temperatures. Angular frequency range was from 10 -2 to 10 rad/s. The linear viscoelastic properties such as storage modulus, G', and loss modulus, G'', measured by a parallel plate rheometer were calculated by using the following equations [11] [1] [2] Where M 0 , H, R, d and q are torque amplitude, gap between the parallel plates, radius of plate, phase angle and oscillatory angle in radian respectively [12, 13] . The strain amplitude, g was estimated as per the following relationship [3] The scanning electron microscope was used to observe the cryogenic fractured surfaces of LCP/PET blends extruded through a capillary of 1 mm diameter and 30 mm length.
RESULTS AND DISCUSSIONS
The dynamic viscoelastic properties were determined at two different temperatures 265 and 285°C. The LCP was in solid state at 265°C and PET was in fluid state. At 285°C both the polymers 64510-2 Applied Rheology Volume 17 · Issue 6
were in fluid state. The viscoelastic properties of blends are not only composition and shear rate sensitive but the state of dispersed plays significant role during processing. When the solid spherical particles dispersed in the molten matrix change into deformable spheres, the dynamic viscoelastic properties of blend were expected to change due to the changes in flow mechanism and deformability of dispersed. Figure 1 is a plot between the storage modulus, G', and angular frequency, w, at 265°C for different blends. The melting temperature of LCP was higher than 265°C and therefore the data related to LCP and the blends containing more than 70% of LCP is absent in this plot. As evident from this figure the storage modulus increased with the angular frequency in all cases. PET displayed lowest values of G' as compared to LCP filled PET. An increased amount of LCP in LCP/PET blend showed increased G'. This may be attributed to the solid LCP dispersion; the modulus of which increased the G' of the viscous fluid. These results are similar to several studies in which hard particles dispersed in molten matrix exhibited increased storage modulus [14 -16] . Figure 2 is a plot between the loss modulus, G'', and angular frequency, w, at 265°C. The loss modulus increased with the angular frequency in all cases. PET displayed lowest values of G'' as compared to LCP filled PET. An increased amount of LCP in LCP/PET blend shows increased G''. The higher loading of LCP in PET showed low sensitivity of G'' with w in the region where w is low, however once the value of w passed through 0.1 rad/s the G'' increased with the increased w. An addition of LCP component in PET decreased the slopes of the curves on this graph. As compared to the various LCP/PET blends, PET showed highest sensitivity with w as can be inferred from the highest slope of the curve in Figure 2 . There is a minor deviation from general behaviour in this plot. A curve belonging to LCP/PET:70/30 showed slightly lower values of G'' as compared to that of LCP/PET:60/40 blend at low angular frequencies. This may be attributed to a com-bined effect of shear sensitive viscosity and the volume content of PET in the blend. At temperature 265°C, the LCP is present in solid state and embedded in PET. The reduced PET content in the blend might be insufficient to embed completely the LCP phase present in the blend, causing a slightly weaker structure and that resulted in lowering the value of G''. On the other hand, the increased angular frequency decreased the viscosity of PET and probably compensated the deficiency in blend structure and therefore at higher w values the LCP/PET:70/30 showed higher values of G'' as compared to that of LCP/PET:60/40 blend. Figure 3 shows the relation between the dynamic viscosity, h', and angular frequency, w, for various blends of LCP and PET. The dynamic viscosity h' was calculated by using following equation [11] [4]
The viscosity decreases with increased angular frequency showing shear thinning effect. The viscosity of blend increased significantly with the additional LCP in PET. Each curve is showing slightly different behaviour, which is an outcome of change in composition of blend. PET and LCP/PET:10/90 are almost similar exhibiting shear thinning followed by a Newtonian behaviour. The higher loading of LCP in LCP/PET blends showed slight shoulder in the curve indicating a transient behaviour in which solid LCP particles play important role in the viscosity changes. The many fold increase in viscosity of PET on addition of LCP is attributed to the solid state LCP dispersions in the liquid PET matrix.
The complex modulus, G*, was determined using following equation [5] 
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Applied Rheology Volume 17 · Issue 6 and was plotted against angular frequency as shown in Fig.4 . G* increased with the addition of LCP in PET as well as with the angular frequency. These observations are similar to the other filled polymer suspensions as has been reviewed [14] .
The complex viscosity, h*, was determined using following equation [6] and plotted against angular frequency and is shown in Figure 5 . The complex viscosity, h*, decreased with the angular frequency and increased with LCP loading in PET. The other observations are similar to those discussed for h' versus w as shown in Figure 3 . Figure 6 is a plot between the dynamic viscosity and the composition of blend at 265°C corresponding to different shear rates. The viscosity of blend is highly sensitive to the angular frequency, particularly at low frequencies. It increases with the LCP contents in the blend. In this particular case LCP is in solid state and hence the system behaves as filler filled polymer. Figure 7 is a plot between the storage modulus, G', and angular frequency, w, at 285°C for different blends. Storage modulus increased with the angular frequency in all cases. PET displayed lowest values of G' as compared to LCP filled PET. An increased amount of LCP in LCP/PET blend showed increased G'. At 285°C, LCP is expected in liquid state because melting temperature of LCP was 278°C. The value of G' is less at 285°C as compared to that at 265°C as shown in Figure 1 and Figure 7 , corresponding to the different angular velocities as well as composition. This may be attributed to loss in storage modulus of blend with increased temperature. The increased temperature softened LCP and thus modulus of LCP phase reduced. Figure 8 is a plot between the loss modulus, G'', and angular frequency at 285°C. In general the loss modulus increases with the angular frequency in all cases. PET displayed lowest values of G'' as compared to LCP filled PET. An increased amount of LCP in LCP/PET blend showed increased G''. At low w values particularly at less than 0.1 rad/s G'' did not vary significantly with w, however once the value of w passed through 0.1 rad/s the G'' increased with the increased w. Figure 8 , the reduction in G'' with temperature was observed clearly in LCP dominating blends. There was more than ten times reduction in G'' for sample having LCP content more than 50%. The samples containing larger amount of PET did not show that significant reduction as was observed in LCP dominating blends. Figure 9 shows relation between h' and w for various blends of LCP and PET at 285°C. The viscosity decreased with the increased angular frequency showing shear thinning effect. The vis-
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Volume 17 · Issue 6 cosity of blend also increased with the additional LCP in PET. PET exhibited shear thinning followed by a Newtonian behaviour. Interestingly the viscosity of LCP was below the viscosity of the blends containing more than 50% of LCP in the blend. As compared to PET that behaves like Newtonian fluid at higher frequencies, the blends with PET show shear thinning in the whole range of experiments. This may be referred to deformation of LCP phase in the direction of flow and thereby decreasing dynamic viscosity with w. Figure 3 can be compared with Figure 9 . Shear thinning effect in most of the composites was observed in the whole range of experiment. PET shows in both the figures that shear thinning is followed by a Newtonian behaviour at higher frequencies. Figure 10 is a plot between the dynamic viscosity and composition of blend at 285°C. The h' increased with LCP contents however the viscosity of LCP was less than those of blends containing more than 50 wt% LCP in the blend. The viscosity of the LCP/PET blend is highly sensitive to angular frequency, particularly at low frequencies similar to the dynamic viscosity data at 265°C. The dynamic viscosity increased with LCP contents and a maxima was observed in LCP/PET: 90/10 blend at 285°C. Figure 11 shows plot between G' and G'' at 265°C and Fig.12 shows the similar plot at 285°C. The use of logarithmic plots of G' versus G'' for variety of polymers and blends give rise to the correlation G' = f(G'') [17 -18] . The correlation indicates the same time temperature equivalence for G' and G'', therefore a logarithmic plot of G' versus G'' is also independent of frequency. The G' increased with G'' as can be observed in both the figures. The LCP dominated composition showed steeper slopes as compared to PET dominant compositions at 265°C where LCP was in solid phase. The solid LCP increased the storage modulus of system with its addition in the blend. The change in slope indicates that G'' is reaching to its limiting value beyond which only G' increases with slight increase in G''. This is similar to the trend of particle filled systems reported in the literature [19, 20] . Figure 12 in which, both the phases are in molten state, display the different initial slopes. For a mono-dispersed entangled, homo-polymer the following equation had been proposed [20] . [7] Where m is slope of linear portion of log G' versus log G'' curve and G NO is plateau modulus and can be calculated by procedure described elsewhere [21, 22] . The value of constant m is 2 for mono-dispersed homo-polymer, which is related to entanglement of chains of polymers. In present case the average slope was nearly 1. Both polymers are immiscible; moreover LCP is highly an-isotropic and therefore value of m is changing with composition. The LCP and LCP dominant blends show the value of slope less than 1, which may be attributed to the least entangled nature of LCP. The data corresponding to LCP/PET:60/40 showed maximum value of m nearly 1.8 that may be attributed to phase inversion during which the chains of both the polymers might produced maximum entanglement effect. The PET was in molten state at both the temperatures whereas LCP changed from its solid phase to molten phase. This phase change brought about major variations in nature of plotted values of G' versus G''.
The cryogenic fractured surfaces of LCP/PET blends having composition 30/70, 50/50 and 90/10 are shown in Figures 13, 14, and 15 , respectively. LCP/PET blends were extruded through a capillary of 1 mm diameter and 30 mm length at 285°C. It has been reported earlier [18] that PET shows smooth wavy surface whereas LCP displays fibrous or layered morphology while passing through a capillary at 285°C. The nematic LCPs can be oriented parallel to the direction of flow in an-isotropic melt state and can form fibrous structure [3, 6, 7] . The morphology of dispersed phase is governed by the viscoelastic effects bal-
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Applied Rheology Volume 17 · Issue 6 anced by the interfacial tension [25, 26] . The LCP's are incompatible with the thermoplastics because the melt of LCP displays anisotropy whereas the latter show isotropy. Figure 13 shows a fractured surface in which PET dominating morphology can be observed. Figure 14 is slightly different than Figure 13 as the layers and fibres of LCP were also observed along with PET smooth surface. The formation of layers and fibres may be attributed to the increased number of LCP particles with the increased LCP content and possible coalesce of these particles combined with the sheared flow inside the capillary. Figure 15 shows the microstructure where in the morphological features of LCP dominate over that of PET and hence fibrous structure can be seen in this micrograph. The morphology of LCP/PET samples strongly exhibits the composition dependency.
CONCLUSION
Visco-elastic parameters G', G'', h' are composition dependent at both states; the solid as well as fluid state of LCP in LCP/PET blends. The value of h' of blends containing more than 50% of LCP in LCP/PET blend is higher than that of either of the blend constituents at 285°C. The increased amount of LCP in the blend reduced the sensitivity of G'' with respect to w. PET displayed near Newtonian behaviour beyond the w value 1 rad/s. This behavior was dominated by shear thinning effect in all composition of LCP/PET blends. The G' versus G'' plots demonstrated the composition dependency of LCP/PET blends at both temperatures 265 and 285°C. 
